Pea (Pisum sativum L.) mutant near-isogenic lines (RRrbrb, rrRbRb, rrrbrb) with lower starch but higher lipid contents, brought about by lesions in the starch biosynthetic pathway, had seed moisture sorption isotherms displaced below that of the wild type (RRRbRb). The negative logarithmic relationship between seed longevity and seed storage moisture content (%, f.wt basis), determined in hermetic storage at 65°C, also differed: longevity in the mutant near-isogenic lines was poorer and less sensitive to moisture content than in the wild type (i.e. C W was lower). The low-moisture-content limit (m c ) to this relation also differed, being lower in the mutant near-isogenic lines (5.4±5.9%) than in the wild type (6.1%). In contrast, all four near-isogenic lines showed no difference (P >0.25) in the negative semilogarithmic relationship between equilibrium relative humidity (ERH) and seed longevity. It is concluded that the effect of these alleles at the r and rb loci on seed longevity was largely indirect; a consequence of their effect on seed composition and hence on moisture sorption isotherms. However, this explanation could not be invoked at moisture contents below m c where differences in longevity remained substantial (RRRbRb double that of rrrbrb). Hence, these mutant alleles affected seed longevity directly at very low moisture contents.
Introduction
Gene effects on seed longevity have long been of interest (Lindstrom, 1942) , but remain dif®cult to discern because pre-harvest (and post-harvest) environmental effects on seed longevity are substantial and make the identi®cation of genetic effects problematic.
Mutants within pea (Pisum sativum L.) which induce wrinkling of the seed as a result of differences in seed composition have been identi®ed and characterized for variation at the rugosus loci (Wang and Hedley, 1991; Wang et al., 1998) . Studies with near-isogenic lines differing only in genes at the r and rb loci Wang and Hedley, 1991) have shown that compared with the wild type (RRRbRb) both the single mutants (RRrbrb or rrRbRb) and the double mutant (rrrbrb) have a lower starch content ) and a higher oil content (Jones et al., 1990) . Compositional differences are brought about by mutations in the starch biosynthetic pathway: the rr embryos lack one isoform of starchbranching enzyme (Smith, 1988) , whilst the rbrb embryos have lower ADP glucose pyrophosphorylase activity (Hylton and Smith, 1992) and lack the large subunit of this enzyme (Martin and Smith, 1995) .
Seed hygroscopic properties are a major determinant of relations between longevity and environment (Cromarty et al., 1982; Roberts and Ellis, 1989) and thus contribute towards differences in seed longevity among contrasting species . Relations between seed moisture content and equilibrium relative humidity (ERH) at any one temperature, described as isotherms, are affected by the chemical composition of the seed (Pixton, 1967; Vertucci and Leopold, 1987a) . Three zones exist within isotherms which relate to the three types of water in seeds: water bound at strong sites, at weak sites, and free water Leopold, 1984, 1987a, b) . Roberts and Ellis (1989) related the three types of water present within seeds to effects on seed longevity; the central zone extends from about 10±85% ERH within which there is a negative logarithmic relationship between seed moisture content and longevity. The slope of this relationship is C W in the viability equation:
where v is probit percentage viability after p d in storage at m% moisture content and t°C, K i is a constant speci®c to the seed lot, and K E C W , C H , and C Q are species constants (Ellis and Roberts, 1980a, b) .
At one constant temperature, the relation between longevity (s, standard deviation of seed deaths in time (d)) and seed moisture content becomes:
where K=K E ±C H t±C Q t 2 . Absolute longevity (K E , or K at one temperature) and C W are known to vary among species (Ellis et al., 1988 , but are believed to be constant within a species . Although 10 K is the extrapolated value of s at 1% moisture content at the speci®ed temperature, there is a lower limit to this negative logarithmic relation; below this critical moisture content (m c ), a further reduction in moisture content does not improve longevity. Differences in m c among species can be considerable (Ellis et al., 1988 , but these variant moisture content values provide similar equilibrium relative humidities. Similarly, there is a negative semilogarithmic relationship between seed longevity and equilibrium relative humidity and the slope of this relationship is similar among contrasting species . This implies that variation in C W above m c is due to the hygroscopic properties of the seed.
Within the seed viability equation (equation 1) the environmentally-induced differences in seed quality that affect longevity are accounted for by differences in K i . Hence, any genetic in¯uence on seed longevity can be investigated by determining effects on the constants K E , C W , C H , and C Q . Given that there is good evidence that the relative effect of temperature on seed longevity (i.e. the constants C H and C Q ) does not differ among contrasting species (Dickie et al., 1990) , the above task can be simpli®ed to determining effects on just K and C W at one temperature.
The use of pea near-isogenic lines in seed physiology has many advantages. In particular, it permits the effects of mutant alleles at different loci on seed longevity to be ascertained and quanti®ed without interference from other genetic differences. Also, these near-isogenic lines enable variation among isotherms to be compared with variation in the sensitivity of longevity to moisture within a single, uniformly-produced species. Accordingly, the present study tests the hypotheses that variation at the rugosus loci in pea affects (a) seed isotherms, (b) the negative logarithmic relationship between seed longevity and moisture content, (c) the low-moisture-content limit to this relationship, and (d) the negative semi-logarithmic relationship between seed longevity and equilibrium relative humidity.
Materials and methods
Seed of each of four near-isogenic lines of pea (Pisum sativum L.) backcrossed six times to the original parent (Hedley et al., 1994) differing only at genes at the r and rb loci were randomly selected from an original seed lot. All seeds had been produced in the same ®eld under similar conditions in the same season and subsequently stored at about 4°C with about 12% moisture content.
Starch content of seeds was determined in a three-stage process. First, 0.2T0.01 g of pea¯our, taken from a 10 g ground sample, was treated with 15 ml of amylase solution according to Macrae and Armstrong (1968) , converting starch to water-soluble carbohydrates. This was maintained at 55°C for 1.5 h with regular mixing, and then ®ltered. Second, a 2.5 ml aliquot of the ®ltrate of total water-soluble carbohydrates was treated with 7.5 ml 0.1 M sulphuric acid and maintained at 70°C for 30 min to produce a solution of reducing sugars (Smith et al., 1964; Smith and Groteluschen, 1966) . Finally, these reducing sugars were assayed by the neucuproin method, measured at 460 nm (Fuller, 1967) , from which starch content was determined. Lipid contents of seeds were determined by the Sox¯o method (Brown and Mueller-Harvey, 1999) .
A 220 g subsample of seeds of each isoline was obtained randomly from a 10 kg bulk by division and then further divided into two 10T0.5 g replicates for each relative humidity. These weighed samples were placed in desiccators above a range of saturated salt solutions at a constant temperature of 20°C to determine isotherms. Saturated salt solutions (equilibrium relative humidities at 20°C shown in parentheses) comprised ZnCl 2 (5.5%), NaOH (7.5%), LiCl (13%), CH 3 COOK (25%), MgCl 2 (32.8%), K 2 CO 3 (43%), NaBr (57%), NaNO 2 (65%), NaCl (76%), KCl (85%), and KNO 3 (93%) (Winston and Bates, 1960; Weast et al., 1986) . Seeds were removed weekly, reweighed and returned to the desiccators. When seeds reached constant weight (i.e. in equilibrium with the saturated salt solution), their moisture content was determined using the highconstant-temperature-oven method. The seeds were ground and two replicates of 4±5 g were dried at 130±133°C for 2 h, after which they were cooled in a desiccator and reweighed to determine loss in weight on drying (ISTA, 1999a, b) .
Seed moisture contents initially varied from 11.6±13.2% (Table 1) . Therefore, the sorption isotherms represent desorption below and absorption above these values. Cubic models were ®tted to the data using GENSTAT to quantify the isotherms. Differences among nearisogenic lines were determined by comparison of regressions.
From a second 1.75 kg sub-lot of each near-isogenic line, 250 g of seed was adjusted to each moisture content, within a range between 4% and 15% (f.wt basis), using silica gel or humidi®cation above water at 20°C. The duration of this period of adjustment depended upon target moisture content, the greatest being 70 d to 4%. Once at the desired moisture content, ten subsamples each of 100 seeds were hermetically sealed in laminated aluminium foil packets (Moore and Buckle, St Helens, UK; three layers comprising, 55 g m 2 polyethylene beneath 7 g m 2 aluminium, covered with 17 g m 2 polyester), and stored in an incubator at 65°C. This high temperature was necessary in order that seed survival curves could be obtained at low moisture contents within a comparatively short period. Samples were removed from storage at intervals of 30 min to 14 d (depending upon seed moisture content). The seeds were then humidi®ed above water at 20°C for 20±24 h to avoid imbibition damage (Ellis and Roberts, 1982; Ellis et al., 1985) . Two replicates of 50 humidi®ed seeds were then tested for the ability to germinate by placing between paper towels (Kimberly-Clark) moistened with deionized water. These tests were maintained at 20°C for up to 8 d as prescribed by the ISTA (1999a, b) . However, this period was sometimes prolonged to up to 28 d in order to allow suf®cient time for seedling development to occur. This was common among seeds which had been stored at low moisture contents where hardseededness was detected. Seeds were examined 5 d into the test and, where encountered, the testa of hard seeds was scari®ed using sand paper. Seedlings were evaluated for normal development and the results reported are for normal germination (ISTA, 1999a, b) . Seed survival curves were ®tted by probit analysis using GENSTAT. Table 1 shows the reduced starch content and greater lipid contents of the seeds of the mutant near-isogenic lines used in the present experiments. The double mutant (rrrbrb) showed the greatest reduction in starch content compared with the wild type (RRRbRb), whilst the single mutant at the r locus (rrRbRb) provided the highest lipid content.
Results
The isotherms were described well by cubic models (Table 2 ) and differed signi®cantly among the four nearisogenic lines (F 12,28 =18.99; P <0.005). Isotherms of the three mutant near-isogenic lines were displaced below the wild type, except at relative humidities >85% where the isotherms crossed (Fig. 1) . The double mutant (rrrbrb) and the single r mutant (rrRbRb) were displaced the furthest below the wild type and did not differ signi®cantly from each other (F 4,14 =0.38; P >0.25), while that for the sole rb mutant (RRrbrb) was above (F 4,25 =3.66; P <0.025) this pair.
All near-isogenic lines showed high initial normal germination (Table 1) before experimental storage at 65°C. The seed survival curves conformed to negative cumulative distributions, as described by equation (1). Differences in K i among near-isogenic lines were detected (Table 3) . However, even though the seeds of each nearisogenic line were produced in the same ®eld in the same season, estimates of K i are particularly sensitive to minor differences in seed production environment. Accordingly, more detailed investigation would be required before concluding that the differences in K i (Table 3) are wholly genetic in origin.
It is valid, however, to compare the response of longevity (s) to seed storage moisture content (m) within equation (2) among the near-isogenic lines as pre-and post-harvest conditions do not affect the relationship between s and m. Over most of the range of moisture contents studied, this negative logarithmic relationship ( Fig. 2A ) was signi®cant (P <0.001). The slope, C W , varied signi®cantly between the three mutant near-isogenic lines and the wild type (F 1,16 =6.20; P <0.025). However, no differences in C W were detected (F 2,9 =0.92; P >0.25) among the three mutant near-isogenic lines. Thus one slope was applied to all three mutant near-isogenic lines ( Fig. 2A; Table 3 ). Whereas the estimates of s at c. 15% moisture content were broadly similar among all four nearisogenic lines, differences among the estimates of K were detected within the three mutant lines (F 2,11 =6.73; P <0.025), as well as between this cohort and the wild type (F 1,17 =28.27; P <0.001). Differences in the low-moisture-content limit (m c ) to these relationships occurred between near-isogenic lines: m c was greatest in the wild type (6.1%) and lowest in RRrbrb (5.4%) ( Table 3) . Below m c , there was no signi®cant effect of moisture content on longevity (P >0.25). However, signi®cant differences (>2-fold) in longevity were detected below m c among the four near-isogenic lines (F 3,4 =36.00; P <0.005). The wild type provided the greatest longevity and the double mutant the poorest longevity at these moisture contents ( Fig. 2A) .
No difference (F 3,19 =1.29; P >0.25) was detected among the four near-isogenic lines in the negative semi-logarithmic relationship between longevity and equilibrium relative humidity (Fig. 2B) . Observations at 5.5% relative humidity were excluded from this analysis because longevity was no greater than that at 7.5% relative humidity (i.e. 7.5% relative humidity was the lower limit to the negative semi-logarithmic relation between longevity and equilibrium relative humidity). Thus, whereas the analysis in Fig. 2A suggests that m c was in equilibrium with 9.5±13.8% RH at 20°C (Table 3) , the direct analysis in Fig. 2B indicates that seed longevity continued to increase with desiccation down to moisture contents in equilibrium with 7.5% RH at 20°C.
Discussion
The common relationship between longevity and ERH for all four near-isogenic lines above 7.5% relative humidity (Fig. 2B) suggests that the differences in longevity among near-isogenic lines ( Fig. 2A) are a consequence of the differences in isotherms (Fig. 1) . The isotherms result from the different seed compositions (Table 1) which, in turn, are a consequence of the variation at the rugosus loci. Lipid contents reported here for the wild type and the single mutants are consistent with previously published data (Jones et al., 1995) . However, the lipid content determined for the double mutant is lower (2.8%) than previously reported (5.3%) (Jones et al., 1995) . Further analyses showed consistency in these lower values. Thus the three mutant near-isogenic lines have greater lipid contents than the wild type with reduced longevity, at most moisture contents, and a reduced sensitivity of seed longevity to moisture content ( Fig. 2A) . Lipid content greatly affects the relationship between seed moisture content and equilibrium relative humidity (Cromarty et al., Table 3 . Viability constants for relations between seed longevity (s) and moisture content (m) in hermetic storage at 65°C for four near-isogenic lines of pea Table 2 . Near-isogenic lines rrRbRb and rrrbrb gave near-identical results and were quanti®ed by the same equation (see text). Hence, the symbol for rrRbRb is obscured by that of rrrbrb.
1982). The effects of lipid content (Table 1) on the isotherms (Fig. 1) are clear. Generally, the greater the lipid content of a seed, the lower the moisture content at any one RH. Thus, the isotherms of the mutant near-isogenic lines are displaced below that of the wild type up to 78% RH. This equates to moisture contents up to about 15%, over which range their longevity is also shorter than the wild type ( Fig. 2A) . However, at 78% RH, where the isotherms for the mutant alleles cross that of the wild type ( Fig. 1) , longevity is least variant among all four near-isogenic lines ( Fig. 2A) . The estimate of C W for the wild type (5.17, s.e. 0.18) is within the range of previous estimates for pea of 4.8±5.0 (Ellis and Roberts, 1982) and 5.39 . Similarly, the estimate of m c for the wild type (6.1%) is very similar to that of 6.2% determined previously . However, C W and m c are lower for the rugosus loci mutants (Table 3) . Hence, although there is much evidence to support the original proposal that the seed viability constants K E , C W , C H , and C Q are invariant for a species (Ellis and Roberts, 1980a) , the current results show that C W and K (and so by implication K E ) do vary within pea as a result of variation at the rugosus loci. By contrast, all four near-isogenic lines showed a common negative semi-logarithmic relationship between longevity and equilibrium relative humidity (Fig. 2B) . The slope of this relationship is equivalent to an approximate doubling of longevity for a reduction in equilibrium relative humidity of 10%. This is very similar to estimates for seeds of other species .
Below m c , a further reduction in seed moisture content had no effect on longevity ( Fig. 2A) . This is consistent with earlier investigations with pea . It has previously been suggested that the different estimates of m c for contrasting species are all equivalent to equilibrium relative humilities of about 10±12% at 20°C . While the estimates for these four nearisogenic lines of pea vary slightly more than this from 9.5% to 13.8% (Table 3) , Fig. 2B demonstrates longevity improving down to moisture contents in equilibrium with about 7.5% relative humidity at 20°C. Mean estimates of longevity at the two moisture contents below m c differed between near-isogenic lines, providing further evidence of the effect of variation at the rugosus loci on longevity. Whereas most of the differences in longevity caused by this genetic variation can be explained by compositional and so hygroscopic differences (compare Fig. 2A with Fig. 2B ), this explanation cannot be invoked at the lowest moisture content studied (because it is within the zone where variation in moisture content has no further effect on longevity). Hence, the variation in s below m c would appear to be a direct consequence of variation at the rugosus loci.
The ®ndings here highlight the need for genetic variation to progress current knowledge of seed biology. Hitherto, the mutants used here have been used to understand seed development more fully (Hedley and Ambrose, 1980) and to gain a preliminary understanding of the genetic control of oligosaccharide synthesis (Jones et al., 1999) . These mutants have been used here to further the knowledge of seed survival, and to demonstrate that single gene mutations can affect seed composition, which has signi®cant effects on both the isotherms and the longevity of seed mutants. Table 3 . The solid line ®tted in (B) has intercept 1.35 (s.e. 0.04) and slope ±0.0293 (s.e. 0.001) (r 2 =0.977; 22 d.f.): observations at 5.5% relative humidity were excluded from the regression analysis. Interpolation is shown by broken lines between the driest two environments for each isoline.
